Abstract: Carbon Fiber Reinforced Polymer ͑CFRP͒ composite strips were used to strengthen concrete externally at a known failure plane to resist shear friction. The uncracked push-off specimens were externally reinforced with CFRP composites using a reinforcement ratio ranging from 0.3 to 1.2%. The shear friction capacity of plain concrete without steel reinforcement was increased 1.32-3.25 times, and was found to be a function of the shear-to-normal stress ratio. The shear friction strength ranged from 0.17f c Ј to 0.27f c Ј for the reinforcement ratios studied. Tests with various wrapping schemes showed no evidence that additional shear friction capacity could be developed for a four-sided scheme compared to a two-sided scheme. The shear friction strength of the initially uncracked connections was found using experimental results, which combine the shear friction contribution of concrete and that of concrete-CFRP interaction, similar to current practice for internal steel reinforcement.
Introduction
The shear friction concept has physical applications in reinforced concrete connections such as corbels, coupled shear walls, wall to foundation connections, and cast-in-place concrete toppings where shear friction forces must be assured at the connection interface. In recent years, repair and new design techniques for strengthening reinforced concrete ͑RC͒ structures have been developed using fiber reinforced polymer ͑FRP͒ composites. The FRP composite materials are receiving acceptance because of their high strength to weight ratio, environmental resistance, and ease of application over materials such as steel.
Shear tests on uncracked push-off specimens for steel reinforced concrete were used to develop the "shear friction" hypothesis ͑Birkeland and Birkeland 1966͒. Initially cracked and uncracked steel reinforced concrete connections have been studied by many researchers including Hofbeck et al. ͑1969͒, Mattock and Hawkins ͑1972͒, Mattock et al. ͑1976͒, Walraven ͑1981͒, Hsu et al. ͑1987͒, and Hwang et al. ͑2000͒ . The shear friction concept has also been studied for high-strength reinforced concrete ͑Mattock 2001; Kahn and Mitchell 2002͒ . Shear connections for wall panels have been studied using push-off specimens, where evaluation of the shear friction coefficient factor was of interest ͑Foerster et al. 1989; Serrette et al. 1989͒ . Fiber-reinforced concrete, where steel fibers, polypropylene, or other fibers are mixed with concrete, has also been studied and its shear friction properties determined ͑Allos 1989; Valle and Büyüköztürk 1993͒. Dolan et al. ͑1998͒ used the Iosipescu test, adopted from ASTM D5379, to determine the shear friction strength of RC members with Carbon FRP ͑CFRP͒ composites; a design equation was proposed based on shear friction theory. It was found that shear friction is a function of shear plane area, concrete shear capacity, coefficient of friction, area of bonded CFRP laminate, and bond strength of CFRP laminate. Shear friction strength for concrete internally reinforced with glass FRP ͑GFRP͒ composite stirrups has been studied by Ibell and Burgoyne ͑1999͒; some plasticity was observed because of gradual delamination of the GFRP composite.
The CFRP composite strips are used herein to strengthen concrete externally at a known failure plane to resist shear stresses in shear friction. Thirty-six uncracked push-off specimens were tested with the following objectives: ͑1͒ investigate the efficiency of CFRP wrapping scheme configuration; ͑2͒ investigate the influence of CFRP reinforcement ratio; ͑3͒ determine the influence of shear-to-normal stress ratio; and ͑4͒ understand the fundamental behavior of CFRP composite connections in shear friction. The shear friction strength of the initially uncracked connections was found using experimental results, which combine the shear friction contribution of concrete and that of concrete-CFRP interaction.
Description of Specimens
Uncracked push-off specimens for concrete externally reinforced with FRP composites were designed to fail in shear at a known plane, as shown in Fig. 1. From Fig. 1 
where C = C = 1 if uniform stress distribution is assumed for both cases; P = axial compressive load; b = width of rectangular cross section; L = length of rectangular cross section; and h = shear plane height. From Eq. ͑1͒, the shear-to-normal stress ratio is
Three different shear-to-normal stress ratios were considered. Concrete specimens with k = 1.26, 1.50, and 1.85 were used; Table  1 summarizes the dimensions and number of specimens for each type. The two parameters L = 305 mm, and b = 127 mm were kept constant for all specimens, and h was varied as shown in Table 1 . To ensure failure of the push-off specimen in shear friction across the given plane and prevent undesirable failure modes, reinforcing steel was placed away from the shear plane so no other mode of failure such as flexural, compression, or bearing capacity might be exceeded. Fig. 2 shows the dimensions and typical steel reinforcement for uncracked push-off Type III specimens.
Material Properties and Experimental Setup
The push-off specimens were all cast in one batch; nine 102 mmϫ 204 mm concrete cylinders were cast from the same batch as the push-off specimens and were tested three at a time on the 28th, 132nd, and 186th day after casting. The average concrete compressive strength f c Ј, was obtained using least squares regression as shown in Eq. ͑3͒, so that hardening due to concrete aging would not be a variable; t is the number of days after casting
Mild steel reinforcement was used with an f y = 410 MPa which was not placed at the shear failure plane as shown in Fig. 2 , so it would not influence the results. A CFRP composite with an epoxy-resin matrix was used; the carbon fabric, epoxy-resin, and CFRP composite laminate properties are described in Table 2 . Previous experiments on CFRP connections of concrete panels have shown that the most effective surface preparation technique is high-pressure water jet and subsequent application of a high-strength adhesive/epoxy primer ͑McMullin et al. Pantelides et al. 2003͒ . The water stream is delivered at a constant rate at a high pressure ͑280 MPa͒ to the concrete surface using a rotating manifold, to expose the aggregate. A 1 mm adhesive/epoxy primer thick layer was spread with plastic spatula on the concrete surfaces where the CFRP composite was applied.
A wet-layup procedure was used to apply the CFRP composite. To saturate the carbon fiber, a saturating machine was used to maintain a constant fiber volume ratio. The carbon fibers were saturated and immediately bonded to the primed surface. Hand tools were used to eliminate any air in-between; the push-off specimens were left to cure at room temperature for at least 7 days before testing.
The experiments were conducted as monotonic tests under an axial compressive load P, as shown in Fig. 1 , under a displacement rate control of 0.13 mm/ s. To apply an axially concentric load, the test setup minimized accidental eccentricity or undesirable failure modes. Steel caps were placed on the top and bottom surface of the specimens to center the load as shown in Fig. 1 . To prevent local compressive failure, a high-density polyethylene plate was inserted inside the steel caps. Fig. 3 shows the typical instrumentation setup for both uncracked unreinforced concrete and uncracked CFRP-reinforced concrete push-off specimens. Linear variable displacement transformers and strain gages were used to record the data.
Push-Off Specimens with Various CFRP Wrapping Schemes
Four wrapping schemes were tested to determine the most effective scheme; to have comparable results, the same CFRP reinforcement ratio and push-off specimen type were used. Push-off specimens of Type II ͑k = 1.50͒ and a CFRP reinforcement ratio of 0.6% were used. The CFRP reinforcement ratio is defined as
where t i = CFRP ply thickness, and w f = CFRP ply width, as shown in Figs. 1 and 4. Two push-off specimens were tested for each wrapping scheme to investigate its influence on shear friction strengthening efficiency and repeatability: ͑1͒ Type IIA: four-sided wrapped with three evenly distributed single layer 25 mm wide strips ͓Fig. 4͑a͔͒; ͑2͒ Type IIB: four-sided wrapped with single layer 75 mm wide strip ͓Fig. 4͑b͔͒; ͑3͒ Type IIC: four-sided wrapped with Table 3 describes in detail each of the push-off specimens tested in this series; all push-off specimens were initially uncracked and no corners were rounded for any of the specimens.
Type IIA: Four-Sided Wrapped with Three Evenly Distributed Single Layer Strips
The maximum applied load P max , was 185.3 and 201.6 kN for push-off Specimens FP311A and FP311B, respectively. Fig. 5͑a͒ shows the typical specimen at failure, where diagonal tension cracks developed. Cohesive failure of the concrete and bond failure of the CFRP laminate starting at the shear plane, which extended 76 mm on each side of the shear failure plane was observed, as defined in Fig. 1 .
Type IIB: Four-Sided Wrapped with Single Layer Strips
The maximum applied load P max , was 168.8 and 195.4 kN for push-off Specimens FP311A and FP311B, respectively. Fig. 5͑b͒ shows a typical specimen at failure. Both specimens developed diagonal tension cracks; Cohesive failure of the concrete and bond failure of the CFRP laminate starting at the shear plane, which extended 102 mm on each side of the shear failure plane was observed.
Type IIC: Four-Sided Wrapped with Double Layer Strip
The maximum applied load P max , was 177.4 and 188.5 kN for push-off Specimens FP1152A and FP1152B, respectively. Fig.  5͑c͒ shows the typical specimen at failure. Cohesive failure of the concrete and bond failure of the CFRP laminate starting at the shear plane, which extended 89 mm on each side of the shear failure plane was observed.
Type IID: Two-Sided Wrapped with Single Layer Strip
The maximum applied load P max , was 195.1 and 165.7 kN for push-off Specimens F26A and F26B, respectively. Fig. 5͑d͒ shows the typical specimen at failure caused by cohesive failure of the concrete and bond failure of the CFRP laminate. This type of failure was observed on both sides of the specimen. The bond failure mechanism is brittle and hence diagonal tension cracks were not clearly observed. normalized by the ultimate CFRP composite tensile strain fu . For push-off specimens with the completely wrapped scheme, the tensile strain in the CFRP composite located at the shear plane reached values as high as 7.0 mm/ m at failure; the strain at the side of the specimen ͑b = 127 mm͒ did not reach values higher Fig. 7 for Specimen FP131A. Overall, the highest tensile strain in the CFRP composite occurs at the shear failure plane, regardless of the wrapping scheme configuration; in addition, the CFRP unidirectional tensile strain at midheight of the CFRP composite strip is symmetric about the shear failure plane, as shown in Fig. 7 . The CFRP composite unidirectional tensile strain varied from the shear failure plane ͑highest͒ to the push-off specimen edge ͑least͒, meaning that the CFRP tensile load shifted the active bond length to areas further away from the loading point as was found by Maeda et al. ͑1997͒. For externally bonded CFRP composite plates to concrete, an extension of bond length beyond the effective bond length cannot increase the bond strength because of gradual concrete cracking and loss of bond strength near the load zone ͑Chen and Teng 2001͒. Several CFRP effective bond length equations have been proposed, from empirical to fracture mechanics-based models. The effective bond length was calculated for the CFRP reinforced concrete push-off specimens and is summarized in Table 4 . The CFRP composite has sufficient length ͑152 mm͒ exceeding the theoretical bond length, which varies from 37 to 106 mm. The average rate of change of applied load with CFRP tensile strain ͑⌬P / ⌬͒ at the shear failure plane was 16.0, 15.1, 15.1, and 16.0 kN/ ͑mm/ m͒ for specimens of Type IIA, IIB, IIC, and IID, respectively. Therefore, the rate of change of applied load with CFRP tensile strain was not affected by the wrapping scheme. Table 5 shows the results for the four wrapping schemes. Based on the experimental results, for shear friction strengthening with FRP composites, shear friction capacity shows no statistical dependence on the wrapping scheme used. On the other hand, tensile strain levels in the CFRP reinforcement show dependence on the wrapping scheme, which can be on average up to 19% higher for four-sided compared to two-sided wrapped specimens. Increase in tensile strain does not imply higher shear friction capacity, as evidenced in Fig. 6 , because cohesive concrete failure and bond failure of the FRP composite limits the shear friction capacity; however, higher slip was achieved due to the anchorage effect of the four-sided wrapping schemes compared to the twosided push-off specimens.
Discussion of Results

Push-Off Specimens with Varying CFRP Composite Ratio
Uncracked CFRP reinforced concrete push-off specimens with the two-sided wrapping scheme of Fig. 4͑d͒ and a single CFRP strip on each face are considered here. The CFRP reinforcement ratio from Eq. ͑4͒ was varied from 0.3 to 1.2% with 0.3% increments. Two uncracked CFRP reinforced concrete push-off specimens for each of four CFRP reinforcement ratios and three shear-to-normal stress ratios were tested; in addition, two uncracked unreinforced push-off specimens were tested for each of the three shear-tonormal stress ratios. Table 6 describes in detail each of the specimens in this series. The two-sided wrapping scheme specimen was chosen to investigate the influence of CFRP reinforcement ratio on shear friction because it is simpler and more practical.
Discussion of Results
Uncracked unreinforced push-off specimens failed in shear as shown in Fig. 8 ; Table 6 shows the experimental results for Type I ͑C1A, C1B͒, Type II ͑C2A, C2B͒, and Type III ͑C3A, C3B͒. From Fig. 8 it is observed that the failure plane is located within the critical zone, where plain concrete is concentrated. The typical failure mode for the uncracked CFRP reinforced push-off specimens with the two-sided wrapped scheme is shown in Fig. 5͑d͒ .
Ibell and Burgoyne ͑1999͒ found that for push-off specimens internally reinforced with GFRP stirrups and a 1% GFRP reinforcement ratio, the slip was 1.5 mm at maximum shear stress, and 12.7 mm at failure. Because of the brittle failure mode of the push-off specimens in this study, the maximum slip and shear stress occurs simultaneously at failure. The overall maximum slip in this study was 2.5 mm.
From Table 6 , CFRP reinforced Type I push-off specimens with a shear-to-normal stress ratio k = 1.85, for a CFRP reinforcement ratio ranging from 0.3 to 1.2%, have increased the shear friction capacity by a factor from 2.12 to 3.25; for Type II specimens with k = 1.50, the increase was 1.32-2.08 times, and for Type III specimens with k = 1.26, the increase was 1.50-2.41 times. Consequently, the shear friction strength of uncracked concrete externally reinforced with CFRP composites ranged from 0.17f c Ј to 0.27f c Ј for the reinforcement ratios studied, regardless of the shear to normal stress ratio. Fig. 9͑a͒ shows the strain gauges for Specimen F312A. It can be observed from Fig. 9 , which is typical of all CFRP reinforced push-off specimens that: ͑1͒ the CFRP composite is not stressed until the unreinforced push-off specimen failure load is reached ͑P c = 127 kN͒; ͑2͒ the CFRP unidirectional tensile strain along the midheight of the CFRP composite in the horizontal direction was symmetric about the shear failure plane, as shown in Fig. 9͑b͒ ; ͑3͒ the highest tensile strain in the CFRP composite occurred at the shear failure plane, and varied approximately linearly from the shear failure plane ͑highest strain͒ to the edge ͑least strain͒ as shown in Figs. 7͑b͒ and 9͑b͒ ; ͑4͒ the tensile strain distribution is approximately triangular, and symmetry about the shear plane is maintained until specimen failure at P u = 301.6 kN; and ͑5͒ the CFRP tensile strain distribution along the shear failure plane was approximately uniform as shown in Fig. 9͑c͒ , where the tensile strain at the shear plane is within 10% of the midheight unidirectional strain. Reduction of effective CFRP tensile strain for concrete members strengthened with externally bonded FRP composites is commonly used ͑ACI 440.2R͒, so cohesive concrete failure and CFRP bond failure do not occur. In this study, the effective CFRP tensile strain fe at failure for Type I specimens ͑k = 1.85͒ varied from 18 to 42% of the ultimate CFRP composite tensile strain fu , for Type II specimens ͑k = 1.50͒ it varied from 20 to 48%, and for Type III specimens ͑k = 1.26͒ from 26 to 44%, as shown in Fig. 10. Fig. 10 compares the effective CFRP tensile strain fe defined as the ultimate CFRP strain at failure, normalized by the ultimate CFRP composite tensile strain fu obtained by tensile coupon tests ͑ASTM D3039͒, versus the ratio of the CFRP reinforcement ratio f , times the FRP modulus of elasticity E f , divided by the CFRP tensile strength f fu * . A design method based on a strut-and-tie formulation, and the effective FRP tensile strain efficiency is presented elsewhere ͑Saenz 2003͒.
The experimental results showed that the CFRP composite reinforcement is stressed after the concrete shear friction capacity is exceeded; therefore, the push-off specimen failure has two stages: first, the imposed shear stress is controlled by concrete alone until the concrete shear friction strength is reached; second, the additional imposed shear stress is resisted by the CFRP composite reinforcement, acting as a clamping force, and aggregate interlock until cohesive concrete failure and bond failure of the CFRP laminate. This is a very important relationship, which is used to develop an experimental design equation for predicting shear friction strengthening with FRP composites.
Experimental Design Relationship
Experimental results showed that the specimen fails in two successive stages: ͑1͒ the shear stress is controlled by the concrete alone until the concrete shear friction capacity is reached; and ͑2͒ the additional imposed shear stress is resisted by the CFRP composite acting as a clamping force, which induces additional ag- A simple model is proposed to calculate the ultimate shear strength resisted by the specimen
where v c = concrete shear friction strength; and v f = shear friction strength contributed by concrete-CFRP interaction. In order to determine the concrete shear friction strength and the additional shear friction strength provided by the concrete-CFRP interaction, the relation between ultimate shear to concrete compressive strength, v u / f c Ј, versus effective CFRP composite tensile stress normalized by the concrete compressive strength, f f fu * / f c Ј, is calculated and presented in Fig. 11 ; the line of best fit
The first term in Eq. ͑6͒ is the shear friction strength contributed by concrete-CFRP interaction v f ; the shear friction interaction coefficient is 0.505, and f f fu * , is the effective CFRP composite tensile stress, which is the clamping stress provided by the CFRP composite. The second term in Eq. ͑6͒ is the concrete shear friction strength, where 0.117 is the component for bond and asperity shear as proposed by Mattock ͑2001͒ and Kahn and Mitchell ͑2002͒.
Eq. ͑6͒ is similar to the models by Birkeland and Birkeland ͑1966͒, Hofbeck et al. ͑1969͒, Mattock and Hawkins ͑1972͒, Mattock ͑2001͒, and Kahn and Mitchell ͑2002͒; however, in those studies shear friction in steel reinforced concrete was studied, which includes the effect of aggregate interlock, shear resistance provided by shear reinforcement, and dowel action. The shear friction expression for steel reinforced concrete proposed by Mattock ͑2001͒ is
The first term in Eq. ͑7͒ is equivalent to the first term in Eq. ͑6͒, which implies that concrete-CFRP reinforcement shear friction interaction depends on the type and amount of reinforcement material; the second term is the component for bond and asperity shear, which is similar to Eq. ͑6͒. For externally bonded CFRP composite plates, the concrete-CFRP shear friction interaction coefficient ͑0.505͒ of Eq. ͑6͒ is lower than that proposed by Mattock et al. ͑1976͒ and Mattock ͑2001͒ for internal steel reinforcement ͑0.8͒ of Eq. ͑7͒; when cohesive concrete capacity is exceeded, bond failure of the CFRP occurs. The cohesive concrete capacity cannot increase beyond a certain limit; this is the fundamental difference between internal and adhesively applied external reinforcement, where internal reinforcement can achieve the full tensile strength.
Conclusions
Shear tests on push-off specimens were carried out for uncracked concrete strengthened with four CFRP composite wrapping schemes. There was no evidence that additional shear friction strength was developed due to a four-sided wrapped scheme compared to a two-sided scheme; however, on average up to 19% higher CFRP tensile strain efficiency was observed for the CFRP reinforced push-off specimens with a four-sided wrapped scheme. The increase in tensile strain does not imply higher shear friction capacity, because concrete cohesive failure followed by bond failure of the FRP composite limits the shear friction capacity; instead, higher slip was achieved due to the anchorage effect of the four-sided wrapping schemes compared to the two-sided push-off specimens.
The CFRP reinforced push-off specimens with a two-sided wrapped scheme were tested for varying CFRP reinforcement ratios. The imposed shear stress was controlled by concrete alone until the concrete shear friction strength was reached; the additional imposed shear stress was resisted by the CFRP composite acting as a clamping force, inducing additional aggregate interlock until concrete cohesive failure and bond failure of the CFRP laminate. The CFRP composite was not significantly strained for stresses below the concrete shear friction strength. The CFRP composite tensile strain distribution along the CFRP strip for the two-sided wrapped specimens was symmetric with respect to the shear plane, and was approximately triangular; in addition, the length of the CFRP strip was sufficient to develop up to 48% of its tensile capacity.
The ultimate shear friction strength of the initially uncracked connections was found using an empirical equation based on the experimental results, which combines the shear friction contribution of concrete and that of concrete-CFRP interaction.
The FRP-reinforced push-off specimens increased shear friction capacity by a factor from 1.32 to 3.25 for a CFRP reinforcement ratio of 0.3-1.2%; the increase in shear friction capacity was a function of the shear-to-normal stress ratio. The shear friction strength of uncracked concrete externally reinforced with CFRP composites ranged from 0.17f c Ј to 0.27f c Ј for the reinforcement ratios studied, regardless of the shear-to-normal stress ratio. 
